The crystalline surface layer (S-layer) 
Introduction
predominant model systems where the S-layer structure is well understood. The structure of the 109 S-layer in Sulfolobus acidocaldarius has been studied in great detail over the past thirty-five 110 years. Electron microscopy analysis of the isolated cell wall sacculi in S. acidocaldarius 111 revealed it was mainly composed of a single glycoprotein (known as the SlaA now), which was 112 thought to exhibit a p6 symmetry (2) but was later confirmed to a p3 symmetry in this organism
113
(20) and other studied Sulfolobus species (13). It is now well-known that the S-layer is 114 composed of two glycosylated proteins, SlaA (~120 kDa) and SlaB (~45 kDa) in Sulfolobales
115
(21-23). The current S-layer model in Sulfolobus shows a "stalk-and-cap" relationship between
116
SlaA and SlaB, with SlaB as the stalk anchoring SlaA to the cytoplasmic membrane, forming 
148
suggesting that SlaA was present on the outside of the cell but was fragile and unstable, and 149 thus was easily detached from the cytoplasmic membrane following TEM sample preparation 150 without the support provided by the SlaB stalk. These observations are in agreement with those 151 obtained from our thin-section TEM experiment, as described previously (10). Interestingly, it 152 is clear that cell surface appendages are expressed with visible pili and archaellum in all mutants
153
( Fig. 1 and Supplementary Fig. 2 ).
155
Next, we further examined the whole-cell morphology of S-layer mutant strains using scanning 156 electron microscopy (SEM). As shown in 
164
the ΔslaB mutant strain, the outermost layer appeared to be peeled off partially ( Fig. 2f and 
165
Supplementary Fig. 3c ) or completely ( Fig. 2g and Supplementary Fig. 3c ) from the cell surface 166 in most situations; however, cells with an intact outermost layer also existed (Fig. 2h) , though 167 observed rarely. These data further validate the idea that SlaB functions as a stalk to stabilize 168 and tether SlaA to the cell membrane but suggest other proteins may serve this function as well.
169
Noticeably, the cell surface composition appeared to be similar in both ΔslaA and ΔslaAB 170 mutants, which was also indistinguishable from that of ΔslaB mutant cells in places where the
171
SlaA protein layer was not attached (Fig. 2g) .
173
The cell size in SlaA -mutants (ΔslaA and ΔslaAB) varied significantly ( Fig. 2c-2e , 2i-2l, and
174
Supplementary Fig. 3b and 3d 
196
ΔslaBΔM164_1049 mutants, respectively. The M164_1049 deletion in mutant strains was
197
confirmed by PCR analyses with the flanking and internal primer sets ( Fig. 3a and 3b ). The
198
growth profile of ΔM164_1049 mutant has no difference at all from its parental strain RWJ004
199
in that they exhibited the same growth rate and could reach approximately the same terminal
200
OD600nm (Fig. 3c) . The double deletion mutant, ΔslaBΔM164_1049, displayed a comparable 201 growth rate to its parental strain ΔslaB (Fig. 3d ).
203
To investigate whether M164_1049 contributes to the maintenance of S-layer, we used electron 204 microscopy to observe the ΔM164_1049 and ΔslaBΔM164_1049 mutant cells. As shown in the 205 whole-cell TEM analysis of the ΔM164_1049 mutant, an intact and smooth outermost layer i.e.
206
SlaA was consistently observed to encompass the whole cell ( Fig. 4a and 4b 
224
generally containing hundreds or thousands of cells in a single clump or aggregate (Fig. 5b) .
225
Notably, we observed that the cell size within the aggregates varied significantly in the ΔslaA 226 mutant, ranging from ~1-9 μm ( Supplementary Fig. 6 ), which is normally larger than that 
233
Like the ΔslaA mutant, a substantial number of large clumps containing large cells was also 234 observed in the ΔslaAB mutant cultures (Fig. 5d) 
238
ΔM164_1049 mutant cells (Fig. 5e ), similar to that in wild-type strain RJW004 (Fig. 5a ).
239
Interestingly, the size of the aggregate increased in the ΔslaBΔM164_1049 double mutant ( sucrose. This assay showed that wild-type strain was able to endure up to 2% (w/v) sucrose, in 276 which the growth rate was still comparable to those of cells that grew in sucrose media with 277 concentrations ranging from 0% to 1%; however, the wild type growth was severely impaired 278 when cultivated in 5% sucrose media (Fig. 7a ). In contrast, above 1% sucrose concentration,
244

279
growth of the ΔslaA mutant was significantly delayed (Fig. 7b) . These results showed that S. 
287
S. islandicus cells deficient in S-layer exhibit variations in DNA content
288
Sufolobus cells with a cell division defect often have an enlarged cell size phenotype (32, 33).
289
To investigate whether absence of the S-layer might impact cell division, wild-type RJW004
290
and ΔslaA mutant cells, taken from an exponential growth stage, were analyzed with flow Fig. 10 ).
303
Discussion
304
The physiological and cellular functions of the archaeal S-layer remained largely unexplored, 
358
The molecular mechanisms that result in large cell clusters and cell size in SlaA -are not clear.
359
It has been shown that cellular aggregation in Sulfolobus species is mediated by elevated UV- 415 10), suggesting a possibility that cells were no longer dividing to 1C but replicating before the 416 division was completed.
418
The cell fusion and cell division hypotheses are clearly not mutually exclusive, and both cell 419 fusion and irregularities in the cell cycle may be linked to S-layer function. It should be noted 420 that neither of these two hypotheses can well explain why cells aggregate in the SlaA -strains.
421
Addressing these questions will allow for a more complete understanding of the S-layer 
425
Materials and Methods 426
Strains and growth conditions
427
The strains and plasmids used in this study are listed in Table 1 . The E. coli Top10 (Invitrogen, 
452
Fidelity DNA polymerase (NEB, USA) and the gene specific-primers binding the regions inside
453
of slaA and slaB genes (Supplemental Table S2 ). Genomic DNA and total RNA were used as
454
templates for positive and negative controls in PCR amplification, respectively. The resulting
455
PCR products were separated by electrophoresis with a 1.2% (w/v) TAE agarose gel.
457
Construction and verification of the M164_1049 gene deletion mutants in S. islandicus
458
Deletion of M164_1049 in the genetic background of RJW004 and RJW013 (Table 1) 
462
The M164_1049 deletion mutants were verified by a colony PCR procedure described
463
previously (46) 
479
Three biological replicates were set up for each sample. 
488
were observed with a Philips CM200 transmission electron microscope operated at 120 kV.
489
Images were taken using a Peltier-cooled Tietz (TVIPS) 2k × 2k CDD camera, and processed
490
with EM-MENU software. For SEM analysis, 8-10 ml of cell cultures taken from the mid-log 491 phase were filtered through a 0.2-μm filter (Whatman, USA) with a 10-ml syringe and then 
502
Flow cytometry
503
Three hundred microliters of S. islandicus cells were fixed with 700 μl of ice-cold absolute 504 ethanol, and the mixture was then briefly vortexed. Fixed samples were stored at 4 ℃ for at 505 least 12 hours. Afterwards, the fixed cells were centrifuged at 13, 000 rpm for 5 min and 506 resuspended in 1 ml of cold Tris-MgCl2 buffer (10 mM Tris-HCl, pH = 7.5, 10 mM MgCl2).
507
Then the samples were precipitated and resuspended again in 300 μl of Tris-MgCl2 buffer 508 containing 2 μg/ml of SYTOX Green nucleic acid stain (Thermo Fisher Scientific, USA) and 
515
Live-dead staining and microscopy
516
RJW004 and the ∆slaA mutant strain were grown to a mid-log phase. For the wild-type RJW004, 517 1 ml of cultures were then transferred to a 1.5-ml microcentrifuge tube and then centrifuged at 518 10, 000 rpm for 5 min to pellet. The pellet was resuspended with 1 ml 1×DY medium to wash.
519
Centrifugation was repeated once, with the resulting cell pellet then resuspended in 500 μl of 
524
Cells were allowed to settle for an additional 10 min. 
607
Conventional TEM analysis of the ΔM164_1049 (a-b) and ΔslaBΔM164_1049 (e-f) mutants.
608
Thin-section TEM analysis of the ΔM164_1049 (c-d) and ΔslaBΔM164_1049 (g-h) mutants.
609
Images b, f, d, and h are close-up images of a, e, c, and g, respectively. Scale bars are 200 nm.
610
Scanning electron micrographs of ΔM164_1049 (i-j) and ΔslaBΔM164_1049 (k-m) mutants. 
